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Stretched spin configurations in 116 Sn have been studied via the reactions 116 Sn(~, p'), 116 Sn(e, e'), 115 In(3 He, d) and 115 In( a, 
t). The high-spin negative parity two-neutron quasiparticle states within the N = 51-82 major shell appear to be tittle 
fragmented. The most prominent examples are the P '  = 9 -  state at E x = 3.522 MeV mad two 7 -  states at 2.909 and 3.120 
MeV. It is found that in contrast he proton configurations - 1 (g9/2, h11/2) and (g9/2, g7/2) are strongly fragmented. Large-basis 
BCS shell model calculation, using a SkE-force have been made and DWBA analyses of the (e, e') data and of the (~, p') data 
are presented. 
It has been of great help in establishing the identity 
and description of stretched and nearly stretched 
states to have the same state populated in different 
reactions. For instance the (d~-/1, f7/2)I n = 5- and 6- 
states in 28Si have been studie~l via inelastic scattering 
[1] and via proton-stripping reactions [2,3] on 27A1, 
which is mainly d~-:2 in its ground state. Unfortunate- 
ly, it is not possible to use this cross-bombardment 
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2 Present address: Los Alamos National Laboratory, Los 
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3 Present address: Oak Ridge National Laboratory, Oak Ridge, 
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NC 27514, USA. 
372 
technique to study stretched states in the heaviest nu- 
clei because the one-hole states of highest / never ap- 
pear as ground states of possible targets. The most 
massive target for which such comparison is possible 
is ll6Sn, where the proton g~/1 configuration is the 
ground state of llSin. 
In order to search for (nearly) stretched states in 
ll6Sn and to study their fragmentation we performed 
the following experiments: 
(i) ll6Sn(]~, p')l16Sn atEp = 133.8 MeV at IUCF, 
using the QDDM magnetic spectrograph. 
116 , 116 (ii) Sn(e, e ) Sn at NIKHEF-K, using the 
QDD spectrometer. Data were taken both at forward 
and at backward angles, in order to separate longitudi- 
nal and transverse form factors. 
(iii) llSIn(3He, d)ll6Sn at E3He = 50 MeV at the 
0370-2693/86/$ 03.50 © Elsevier Science Publishers B.V. 
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Fig. 1. Experimental spectra of 116Sn observed via, from top 
to bottom, the C'if, P'), (e, e'), (a, 0 and (3He, d) reactions. 
The excitation energy scale is common for all four spectra. 
KVI, using the QMG/2 magnetic spectrograph. 
(iv) ll5In(tx, t)ll6Sn atEa = 65 MeV at the KVI, 
using the same spectrograph. 
We present in this letter a first account of the data. 
Representative spectra from the four different experi- 
ments are shown in fig. 1. For both the (p, p') and 
(e, e') spectra, shown in this figure, the momentum 
transfer is about 1.9 fm -1, close to the maximum of 
the form factors of the highest spin states een. For 
the (3He, d) a spectrum is shown at an angle that best 
emphasizes stripping into high4 orbitals. The (tx, t) 
spectrum favours high/-values even more. 
The absence of strength below Ex = 3.8 MeV in the 
stripping spectra illustrates the gap between the Z = 
21-50 and the Z = 51-82 major shells. The only ap- 
preciable strength is on the gs and the 2 + state at 
1.294 MeV and corresponds mostly to the filling of 
the last hole in the g9/2 shell. These features have been 
noted in earlier work on the llSIn(3He, d)ll6Sn reac- 
tion, by Conjeaud et al. [4], Biggerstaffet al. [5] and 
by Shoup et al. [6]. Those experiments, performed at 
lower incident energies mainly excite l = 0 and 2 transi- 
tions. In the present study we are interested in the 
g7/2- and h l l /2 -  shells, which lead to proton particle- 
hole configurations with maximum spins 8 + and 10-. 
At our incident energy of 50 MeV the/-matching for 
these orbitals is such that one may expect o locate 
the full strengths associated with these orbitals. 
The highest spin states observed below the gap in 
the (~, p') and (e, e') reactions, are the two pr = 7-  
states at Ex = 2.909 and 3.210 MeV and the 17r = 9-  
state at Ex = 3.522 MeV. All three states are known 
from in-beam gamma work [7]. 
In the simplest approach the 9-  state is interpreted 
as a (g7/2, h11/2) two-neutron quasi-particle (2qp) ex- 
citation, while the 7-  states must be butt from the 
(d3/2, hll/2), (d5/2, hll/2) and (g7/2, hll/2) 2qp-exci- 
tations. 
In order to study on a theoretical level the nuclear 
renormalization a d fragmentation effects, excitations 
of the next order of complexity must be considered. 
We have performed selfconsistent shell model calcula- 
tions [8] in a space that contains, apart from the neu- 
tron 2qp-excitations, proton lp - lh  excitations across 
the Z = 50 gap, including hole shells down to the f7/2 
shell and coupled excitations of the type ( lp - lh )  • 
(2qp). In order to treat correctly intermediate isospin 
couplings of at least the highest spin states, neutron 
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Table 1 
Transition amplitudes for the lowest 7-,  8 -  and 9 -  states in 116 Sn. The phase conventions are those appropriate for the program 
DW81 [12], in which radial wave functions of individual particle states are positive towards infinity. For use in the program 
WSAXE [14], configurations with a d3/2 or ds/2 should be used with opposite sign. 
p h pin 77 7~- 7~" 8~- 9i- 
h11/2 g7/2 n 0.132 -0.734 -0.319 0.741 -0.795 
g7/2 hi1/2 n 0.021 -0.118 -0.051 -0.110 -0.128 
hi1/2 ds/2 n -0.034 0.335 -0.791 -0.350 
ds/2 hi 1/2 n 0.004 -0.036 0.086 -0.038 
hi 1/2 da/: n -0.442 -0.078 -0.011 
da/2 h 11/9. n - 0.282 -0.050 -0.007 
hi 1/2 g9/2 n 0.008 0.006 0.012 0.019 0.048 
h11/2 g9/2 P 0.024 -0.102 -0.019 -0.035 -0.043 
g7/2 t"7/2 P -0.023 0.014 -0.014 
holes in the gg/2-shell were taken into account. As an 
effective interaction the extended Skynne force of  
ref. [9] has been used. This interaction has been shown 
to describe well the properties of  both ground states 
and excited states throughout the whole mass range 
with the same parameters. The resulting transition am- 
plitudes for the lowest three 7 -  states and the lowest 
8 -  and 9 -  states are given in table 1. The amplitudes 
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Fig. 2. Cross sections and asymmetries of the 116 Sn(ff, p,)116Sn reaction leading to the 1 lr = 7-  states at E x = 2.909 and 3.210 
MeV and the I n = 9 -  state at E x --- 3.522 MoV. The curves have been calculated inDWBA, using the Love-Franey force [ 11 ] and 
the wave functions from the present work. Radial wave functions were generated from a Woods-Saxon potential with r o = 1.30 
fm and a = 0.65 fro. Depths were adjusted, so as to reproduce the single-particle binding energies. 
374 
Volume 166B, number 4 PHYSICS LETTERS 23 January 1986 
and relative signs of the neutron configurations agree 
closely with those derived by Bonsignori et al. [10] in 
a broken-pair-model calculation, which in contrast o 
our calculation, does not contain proton excitations 
and neutron excitations from the g9/2 shell. 
In fig. 2 the unpolarized cross sections and analyz- 
ing powers from the (~, p') reaction are shown for the 
I ~ = 9 -  state at E x = 3.522 MoV and the two I ~ = 7 -  
states at Ex = 2.909 and 3.210 MeV. DWIA calcula- 
tions with the program DW81 [12] , i ,  using the effec- 
tive N-N  t-matrix of  Love and Franey [11], are shown 
that are based on our wave functions. Curves, based on 
the wave functions of  Bonsignori et al. nearly coincide 
with those in the figure and have therefore not been 
drawn separately. The states have been identified with 
the 9i-, 7 i- and 7~ model states, respectively. The 7~ 
and 8 i- states are calculated to have maximum cross 
sections of  only 0.02 rob/st, which makes it not sur- 
prising, that they could not be identified. 
For the 9 -  state both the cross section and the 
asymmetry are well reproduced, aside from a slight 
shift in angle. Both our model calculation and the one 
,1 This program is an extended version of the program 
DBWA70 [13]. 
of Bonsignori et al. find that the 9 -  state is essentially 
a pure (g7/2, hl 1/2) 2qp-excitation. Adopting this view 
one finds that a description with the Love-Franey 
force needs no renormalization. 
The cross section of  the 7 -  state at E x = 2.909 MeV 
state peaks at a smaller angle than that of  the Ex = 
3.210 MeV state and its asymmetry is more compres- 
sed. Although these effects are not exactly reproduced, 
the fits do reproduce correctly the trends and confirm 
that the former state is predominantly a (d3/2, hl l /2) 
2qp-excitation, while the latter is mostly of  the type 
(g7/2, h11/2). The cross section of the Ex = 2.909 MeV 
is underestimated by the calculations, while that of  
the Ex = 3.210 MeV state is overestimated. However, 
the sum of their experimental cross sections is very 
close to the incoherent sum of the calculated cross 
sections for the (d3/2, hll/2), (d5/2, hl l /2) and (g7/2, 
h11/2) 2qp configurations and arbitrary orthogonal 
combinations of these configurations preserve this 
sum. One is thus led to believe that the three 2qp con- 
figurations may be fixed slightly differently than in 
the calculations ofrefs. [5,7], but that they are other- 
wise little fragmented. 
Using other effective N-N  forces one finds these 
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Fig. 3. Experimental form factors from the (e, e') reaction, compared with curves, based on the model wave functions of this work. 
The solid curve applies to backward angles (0 = 154 °) and the dashed curve to forward angles at E = 360 MeV. In the latter case 
the data covet he angular range 41.5o-96.3 ° . 
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zation is needed. These calculations will be described 
in a forthcoming paper. 
In fig. 3 the form factors, obtained from the elec- 
tron scattering experiment for the same 7 -  and 9 -  
states, are shown. Fits calculated with the programs 
WSAXE [14] and HEITRA [15] ,and based on the 7i-, 
77 and 9 i- model wave functions are shown. In all 
three cases effective g-factors g~f,f/4r, e~ = 0.5 were 
used. These values were dictated by the backward an- 
gle data points. The effective proton charge was kept 
equal to its free value, but this choice is not critical, 
since the contributions from the proton lp - lh  con- 
figurations do not dominate the cross sections. For 
both the 9 -  state at Ex = 3.522 MeV and the 7 -  state 
at Ex = 3.210 MeV fen ff = 0.23 was used. The equality 
of the value e eff = 0.23 found from fitting the form 
factors of the 9 -  and 7~ states may be incidental. The 
neutron effective charges, arising from core polariza- 
tion, or equivalently within the shell-model necessi- 
tated by the truncation of the basis space, may be dif- 
ferent for each Jn-value, but should, in principle, be 
equal for states with the same jn. Fitting the forward 
angle data of the 7 -  state at Ex = 2.909 required a 
larger value o fe  eff = 0.56. This may again be taken as 
an indication that the 7 -  states have a slightly differ- 
ent mixing of the 2qp configurations than calculated. 
The collectivity of the lowest 7 -  state is underesti- 
mated, as was also indicated by the (p, p') data. 
The proton lp - lh  configurations with the highest 
spin, expected between 4 and 7 MeV excitation ener- 
gy, are of the families (g9/2, hl l /2) with I~uax = 10- 
and (g9/2, g7/2) with/max = 8+" Adopting a predictive 
power for calculations, using the Love-Franey force, 
one expects for the 10- state of the first family a 
cross section of 0.57 mb/sr for the (p, p') reaction at 
45 degrees, if it would exist unfragmented. This would 
be visible up in the spectrum of fig. 1 as a peak, eight 
times larger than that of the 9 -  state a te  x = 3.522 
MeV. The unfragmented 8 + state of the second family 
is predicted to have a cross section of 0.067 mb/sr, 
about equal to the 9 -  state. Similarly, using ep = 1 
and g~ff = 0.5 ~ree, one finds that such an unfrag- 
mented 10- state should appear in the electron scat- 
tering spectrum at 0 = 154 ° with a peak cross section 
five times larger than the 3.522 MeV 9 -  state, while in 
the (e, e') spectrum of fig. 1 the unfragmented 8 + 
would be fifteen times larger than the 9 -  state. In 
these (p, p') and (e, e') spectra no peak, higher in exci- 
tation energy than the 9 -  state, comes even close in 
cross section. Therefore, even the highest spin mem- 
bers of the h11/2) and g7/9 fan Ues seem 
to be strongly fragmented. 
A complete analysis of the (3 He, d) experiment in 
which data were taken from/9 = 0 ° to 30 ° in 2 ° steps 
involves fitting some fifty peaks and will be given in a 
later publication. We emphasize here the salient fea- 
tures of the spectroscopic strength distributions asso- 
ciated with lp = 4(g7/2) and lp = 5(h11/2). This can be 
fllnstrated with the difference-spectrum technique. 
The angular distributions for these/p-values peak 
around 0 = 16 °, where lp = 2(d3/2, d5/2) and lp = 
0(Sl/2) have pronounced minima. In fig. 4 adifference 
spectrum of 16 ° and 6 ° spectra is shown, in a ratio 
which leaves only the Ip = 4 and 5 strength. In this 










i.o s-.Z, lh 
0,51 i-II hil/2 
0 ~ ~  r- 6 4 2 0 
E x (MeV) 
Fig. 4. Difference spectrum (top) of experimental 
l lSIn(3He, d)llSSn spectra, taken at 8 = 16 ° and 6 = 6 °. The 
ratio has been chosen to make the lp = 2 strength (d3/2 and 
ds/2) vanish, as determined from some rather pure I = 2 tran- 
sitions just below the gap (E x = 3.8 MeV), while also the lp = 
0 (81/2) contribution issmall The resulting spectrum thus 
gives an image of the lp = 4 (g7/2) and/p.= 5 (hl l /2)  strength. 
For these latter subshells, trength distributions, resulting 
from our model calculation [8], are shown (middle and bot- 
tom, respectively). 
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Table 2 
States withe x > 3.8 MeVin ll6Sn, excited via (ct, t) and 
(3 He, d) with lp = 4 or 5. 
= (2If+ 1) C2 S 
Ex (MeV) lp G(/) (2Ii + 1) 
3.87 4 (+0) 0.13 (+0.12) 
4.00 4 1.28 
+4.06 
4.26 4 1.32 
4.85 4 1.00 
5.5 5 1.62 
5.8 5 0.84 
5.88 5 0.15 
6.31 5 0.40 
a rather smooth continuum. They are listed in table 2 
with their spectroscopic strengths deduced from the 
full angular distributions. Among them are the states 
atEx = 4.85, 5.88 and 6.31 MeV, which are indicated 
in fig. 1. At high momentum transfer these are the 
most prominent states in the (p, p') and (e, e') spectra, 
above Ex = 4 MeV. The assignments of the lower states 
atEx = 3.87, 4.00, 4.06, 4.26 and 4.85 MeV as g7/2 
and the groups a te  x = 5.5, 5.8, 5.88 and 6.31 MeV as 
hll/2 have been made on the basis of a comparison 
with the (t~, t) reaction, which, because of its angular 
momentum ismatch, enhances lp= 5 over lp = 4 as 
compared with the (3He, d) reaction. 
The partial sum rule for a definite final spinlf is 
G(I') = (2If + 1)]10 for each of the empty orbitals 
above the gap. Tltus, for instance, unfragmented (g~/12, 
g7/2; 8 +) and (g~/t2, hll/2; 10-) configurations would 
have spectroscopic strengths 1.7 and 2.1, respectively. 
Judging from the transfer data, the best candidate for 
an 8 + state with a predominant (g972, g7/2) signature 
would be the state at Ex = 4.26 MeV. However, its 
cross sections in (p, p') and (e, e') are very small, 
which seems to contradict this assignment. 
The strongest clusters oflp = 5 strength are found 
at Ex = 5.5 and 5.8 MeV. They are no single peaks, but 
instead clusters of experimentally unresolved states. In 
the (-if, p') and (e, e') reactions they are hardy distin- 
guished in the spectra, whilst an unmixed (g~/12, hll/2 ) 
state, for example, would have a large cross section. 
The three states atEx = 4.85, 5.88 and 6.31 MeV 
remain as good candidates for high-spin states, but 
their wave functions cannot be just a single ip - lh  
configuration, because they by far do not exhaust a
partial sum rule for high spin in the transfer and do 
not have the expected cross sections in the (p, p') and 
(e, e') reactions. 
In conclusion, we have found several high-spin 
states of lp - lh  signature in ll6Sn. The most promi- 
nent example is the 9-  state at Ex = 3.522 MeV, which 
appears to be an almost pure neutron (g7/2, hll/2) 
2qp-excitation. For the I ~r = 7-  states the neutron 
2qp-configurations appear to be mixed but little frag- 
mented. The best candidates for proton lp - lh  high- 
spin states ad judged on the basis of the stripping reac- 
tions, are bad candidates, if judged by their (~, p') and 
(e, e') cross sections. Conversely, the best candidates 
from these latter eactions, have too small spectro- 
scopic strength to be pure configurations. 
The fragmentation f the lp = 4 and 5 strength is
large: only about 45% of the g7/2- and about 25% of 
the hll/2 strength reside in peaks. The rest is spread 
over very many states and appears as the continuum, 
over which the peaks stand out. For these high-lying 
particle states the degree of fragmentation is interme- 
diate between the typical ine fragmentation f the 
valence shells near the Fermi surface and the quasi- 
continuous strength distribution of the next-higher 
h9/2 and i13/2 shells observed in recent proton strip- 
ping reactions on 144Sm and 116Sn [16,17]. This situ- 
ation is reminiscent of the fragmentation f deep hole 
states. Indeed, in the limit that the h11/2 shell is con- 
sidered empty, (g~/!2, hll/2) excitations must be either 
isoscalar or isovector in character, so that their neu- 
tron component is as strong as their proton compo- 
nent. The same states could thus be populated by g9/2 
neutron pickup on a target nucleus with a single h11/2 
neutron. Unfortunately, the 11/2- state is never the 
ground state in stable odd Sn isotopes. However, this 
argument makes is clear that the spreading widths of 
the high-lying proton excitations are brought about by 
the same mechanisms that are responsible for the 
spreading of deep-lying hole strength. 
In fig. 4 the empirical l = 4 + 5 strength is compared 
with the theoretical g7/2 and hll[2 distributions ob- 
tained from our shell model calculation. In the model 
the fragmentation f lp - lh  strength is introduced by 
including the coupling to the 2qp-neutron excitations 
in the 116Sn basis space. The basis space for l15In ac- 
cordingly contained coupled configurations of the type 
377 
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lh • 2qp. It is evident from the figure that the ob- 
served fragmentation is much larger than calculated. 
Since we believe that otherwise our calculation is realis- 
tic, we interpret his as evidence that configurations of 
the next order of complexity: 4qp-excitations, 2p -2h  
proton excitations and their couplings, are essential in 
the further spreading of  the spectroscopic strength. 
The actual inclusion of these next-order complex con- 
figurations would bring the basis space to prohibitively 
large dimensions and the strength distribution resulting 
from our calculation is to be considered as a doorway 
picture. 
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